A study of multiple seams longwall mining is proposed to investigate its applicability in Indonesia coal mine. The study area of this research is PT Gerbang Daya Mandiri (GDM) coal mine located in East Kalimantan Island. The study of seam interaction is crucial for developing multiple seams longwall mining especially when it comes to weak rock conditions which are usually found in most of the coal reserves in Indonesia. This paper will use numerical simulation to investigate the effect of the first mined-out seam on the development of the second coal seam gate-entry by considering a couple of key parameters including depth of the coal seam and interburden length. The simulation model consists of two main indicators for instability which include failure zone, the contour of safety factor. The results show that the effect of seam interaction on gate-entry has different intensity based on the thickness of the interburden and coal seam depth. This work also provided appropriate support configuration for maintaining the stability of gate-entry.
Introduction
Indonesia is among one of the biggest coal export countries in the world because of the huge amount of coal resource available in the country. For many decades, Indonesia coal is recovered using surface mining methods. However, shallow coal seam for surface mining is depleting. As a result, mining industry starts to propose the study of underground mining development to extract coal in the deeper seam. Figure 1 shows the location map of PT Gerbang Daya Mandiri (GDM) and the surrounding coal mines. Based on the analysis of a series of drill-holes data, the geological structure of that area is monocline which contains many coal seams with the dip and thickness from 3˚ to 13˚ and from 0.15m to 9.80m respectively. Coal seams are surrounded by weak rock mass. The dominant rocks in the area are mostly claystone with thin layers of sandstone. Multiple seam longwall coal development is proposed to study in order to maximize coal recovery. Two coal seam is targeted. The first coal seam is seam BC which has 3.39m to 9.80m thickness. Another is seam F which has 0.7m to 6m thickness. Figure 2 illustrates the stratigraphy column that represents the general rock formation in the research area. This column is associated with Pulau Balang formation and Balikpapan formation which is aged between middle to upper Miocene (Widodo et al., 2010) . In the study area, the shallowest seam 5 can be seen in the average depth of 100 m from the surface.
Developing multiple seam longwall mining is quite a big challenge for engineers. The first mined-out seam induces strata movement which led to the redistribution of stress surrounding the mined area (Guo et al., 2012; Suchowerska et al., 2013) . This will affect the development of the second seam through the influence of seam interaction from the first mined-out seam. As a result, seam interaction is widely considered to be the most important in multiple seam mining development. According to Mark (2007) , the intensity of seams interaction is correlated with several key factors which include: depth of the cover, mining sequence, interburden thickness and type of remnant structure. Undermining sequence is the most common practice for developing new multiple seam mining as the majority of the strata movement and other geotechnical concerts happen above the mined-out area (Ghabraie, 2016; Zipf, 2005) . For this reason, undermining is adopted for this research. Both seams are excavated by longwall mining method. A few research have already been done in Indonesia coal resources for appropriated longwall development (Phanthoudeth et al., 2016; Pongpanya, Sasaoka, Shimada, Hamanaka, et al., 2017; Sasaoka et al., 2015) . However, previous work has been limited to single seam longwall development. This paper seeks to address the effect of the first seam longwall mined-out on the new gate development in the second seam. This research will consider esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 73 two main key factors of seam interaction including the depth of the coal seam and the interburden thickness. 
Numerical Analysis
FLAC3D is used in numerical analysis to identify the behavior of the rock after the excavation. This is a three-dimensional explicit finite-difference program which is designed for engineering mechanics computational. Material is introduced as zone element characterized by three-dimensional grid that can be constructed to fit the user's needs. Linear and nonlinear law of stress/strain is given to allow each element to behave responding to the boundary condition. The simulation model consists of two main indicators of instability which include failure zone and contour of safety factor. Failure zone is indicated when the stress satisfies the yield criterion which falls into two types of failure mechanism including shear failure and tension failure (Itasca_Consulting_Group, 2012) . Safety factor contour is calculated from the Mohr-Coulomb shear failure criterion. However, an additional tension cut-off condition is applied in order to generate a more realistic result.
Safety Factor Calculation From Mohr-Coulomb Failure Criterion With a Tension Cut-Off
The factor of safety of certain locations in the rock can be estimated using the Mohr-Coulomb failure criterion with the availability of major and minor principal stress at that location (Kwon et al., 2013) . Figure 3 shows the technique to calculate safety factor using this failure criterion. From this method, the following equation 1 can be written for estimating safety factor SF. OB is the distance from any point of the shear stress coordinate to the failure envelop. This distance represents the strength of the material. OA, on the other hand, is the mean stress between the major and minor principal stress. This represents the stress act on the material. So this equation is based on the ratio of strength divided by stress where 1 and 3 are major and minor principal stresses, C is cohesion and is friction angle. The rock in the model is considered to have failed not only in shear mode but also in tension mode. Tension cut-off is applied to the previous Mohr-Coulomb failure envelope. As shown in Figure 4 , the rock failed in shear mode if the stress condition follows the Mohr-Coulomb failure criterion. In addition, when the minor principal stress is surpassed the tensile strength of the rock, it is considered to have failed in tension mode (Xu et al., 2015) . Figure 6 demonstrates the installation support in the model. 
Seam Interaction on Gate Entry
Seam interaction in multiple seam longwall development can be described in the form of influence on the stability of the first mined-out seam to the current development seam. For this research, the influence is identified by observing the increment of the failure zone. Plasticity model in FLAC3D, failure has occurred when stress satisfies yield strength criterion in which failure mechanism can arise in shear failure and tensile failure (Itasca_Consulting_Group, 2012; Zarlin et al., 2012) . The single seam model is also constructed and analyzed for each depth. The results from the single seam model are adopted as a control sample to compare the result with multiple seams models in order to identify the influence of seam interaction. Figure 7 shows the development of the failure zone around the excavation of the gate entry without any support system for the depth of 150m with various interburden thickness. From this result, it can be observed that the floor failure zone is more severe than the roof. The thinnest interburden of 30m shows a deeper and wider instability zone compared to the gate entry developed in a single seam longwall system. It clearly shows the influence of the previous mined-out seam. The influence of the mined-out seam is decreased as the thickness of interburden increases. This seam interaction for 150m esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 depth seems to be able to reach only 60m of interburden thickness as the failure zone of begin from 70m thickness is identical to those of single seam development at the same depth.
A similar condition can be observed for depth 200m and 300m. According to the results obtained from these simulations, more severe failure present in deeper coal seam cases. As shown in Figures 8 and 9 , seam interaction seems to have surpassed to thicker interburden. For 200m depth, the influence of the first mined-out seam can reach until 70m thickness of interburden while additional failure still presents in 80m interburden for 300m depth.
Installation of Support Systems
The support system is installed in the model to stabilize the excavation of the gate-entry under the influence of the first mined-out seam. Two types of support are adopted to support gate entry include steel arch for the roof and cable bolt for the floor. There are 4 configurations of the support system as shown in Figure 10 . Safety factor contour calculated from Mohr-Coulomb failure envelope with tension cut-off is the key indicator of the stability after the installation of the support system. The safety factor of 1.3 is considered to be the safe value in mining as it is widely adopted in many mine designs for temporary mine opening (Hoek et al., 2000) . The result of investigating appropriated support for 150m depth is illustrated in Figure 11 to 14 for support type A to type D respectively. The safety factor contour revealed that support type A cannot be used to support the gate entry as it still generates a large area in which the value of the safety factor is less than 1.3. Support types B and C can effectively reduce the instability zone but not completely diminish it. Type D support provides the best result as it completely eliminates the instability area for the interburden thickness over 30m. For the thickness of 30m, the minimum failure zone can be seen. For the economical point of view, concerning the stability of the roof alone, it is plausible to adopt 1 m spacing of steel arch to support the gate entry roof for 150 m depth. As a result from Figures 11 and 13 show that the instability zone of the roof is very minimal and the value of safety factor of that instability zone is already above 1. This overall result implied that support type D the array of steel arch and one set of 11 cable bolts with the spacing of 0.5m provides the best support for the gate entry for 150m. Minimal instability zone can be seen in the interburden thickness is 30m. It is also plausible to adopt support type C for gate entry. However, it is not recommended to use with interburden thickness of 30 m as it shows a significant instability zone on the floor.
Support type C and D is adopted in the model for the depth 200m and 300m to identify the effectiveness of this support system to a different depth. Figures 15 and 16 show safety factor contour for 200m depth. A similar trend to the previous result can be perceived. Figure 15 indicates that utilization of support type C is still plausible in 200 m depth in the case where the interburden is thicker than 30 m considering roof stability alone. In addition, figure 16 shows that support type D can be used to support the gate entry with the interburden above 30m. is believed that support type C is not suitable for utilizing in 300 m depth. Support type D is applicable for 300 m where the interburden is exceeded 40 m. Support type D is not suitable for cases of 200 m depth with interburden less than 30 m and 300 m depth with interburden less than 40 m. For these cases, it is recommended to extend the length of cable bolt for floor support and combine steel arch with rock bolt for roof support.
Conclusions
This paper has investigated seam interaction in multiple seams longwall development. The study had led to the conclusion that the influence of the first mined-out seam has different intensity based on the thickness of the interburden. Moreover, this influence can surpass thicker interbuden in deeper the coal seam. For 150m, 200m and 300m depth coal seam the interaction between first mined-out seam to the new gate entry reach until interburden thickness of 60m, 70m, and 80m respectively.
The array of steel arch support with 1 m spacing is applicable for roof support up to 200 m depth except for the case of 200 m depth where the interburden is 30 m. For 300 m depth, it is recommended to utilize a narrower 0.5 m spacing. For floor support, a set of 11 cable bolt with 3.5 m length installed in 1 m spacing is suitable for 150 m and 200 m depth with interburden more than 30 m and 50 m respectively. For 300 m depth, on the other hand, this configuration should be installed in 0.5 m spacing. Other thin case of interburden where it unsuitable to utilize support type D, which include case 200 depth with 30 m interburden and 300 m depth with interburden less than 40 m, it is suggestions to extend length of cable bolt for floor support and incorporate rock bolt with steel arch for roof support in order to minimize the unstable zone completely.
Cable bolt is very effective as floor support. However, if floor heaving happens, it is difficult to operate floor treatment as bolts ripping is required. In this case, fiber bolt or shallow timber piles are also recommended as they provide a slightly esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 weak floor reinforcement effect but a much easy floor treatment operation.
According to site data, the competence of claystone is depth-dependent which is varied from softer to harder than coal seam. In some locations, coal thickness is thicker than the mining height. The future work should focus on the remain coal thickness effect on the stability of the gate. The research should be carried out for the location where claystone is softer than coal. It is believed that remain coal thickness can help improve the stability of gate entry which reduces the amount of support required.
